We propose a new class of inflation models in supergravity with higher derivative terms. In those models, the Kähler potential does not contain the inflaton multiplet, but a supersymmetric derivative term does. In the models, inflation is effectively driven by a single scalar field with a standard kinetic term and a scalar potential. Remarkably, the so-called η problem does not exist in our models.
Introduction
The inflationary paradigm [1, 2] is a part of the standard cosmology. Especially, in slow-roll inflation models [3] , the primordial curvature perturbations are naturally produced by the quantum fluctuation of (at least) one scalar field called inflaton during inflation. The spectrum of scalar perturbation predicted by a slowroll model is almost flat, which is compatible with the cosmic microwave background (CMB) observation results.
Inflation models in supergravity (SUGRA) have been studied through many works. It is interesting that SUGRA is an effective theory of superstring, which is a possible candidate for a unified theory including gravity.
In this work, we propose a new class of inflation models in SUGRA including higher derivative interactions. Higher derivative terms always arise from e.g. the Dirac-Born-Infeld action describing D-brane dynamics in string theory. Some models with higher derivative terms have been constructed in SUGRA [4, 5] . Higher derivative terms in SUGRA can be described by using the supersymmetry (SUSY) covariant derivative operator of SUSY multiplets. We call a SUGRA term including SUSY derivative operators a SUSY derivative term in this letter. The components of SUSY derivative terms contain the higher derivative interactions.
In the standard SUGRA action without SUSY derivative terms, dynamical chiral multiplets should be contained in a Kähler potential. However, as we will show, the kinetic terms of chiral multiplets also arise from SUSY derivative terms.
We will discuss inflation models in which the inflaton multiplet is not included in the Kähler potential. Surprisingly, the so-called η problem, which spoils the flatness of the inflation potential, does not exist in our models. It is also remarkable that the effects of the higher derivative terms of the inflaton become negligibly small on the slow-roll trajectory. Consequently, the inflation is effectively driven by a single scalar field with a standard kinetic term and a scalar potential. We will show two inflation models, the chaotic inflation [3] and the Starobinsky inflation [2] . Especially, the chaotic inflation in our model predicts a characteristic spectrum of the perturbation, which can be tested by forthcoming observations.
The remaining parts of this letter are consisted as follows. First, in Sec. 2.1, we will show the action we will discuss. After that, choosing the two types of superpotential, we will construct the chaotic and the Starobinsky like inflation models, and show the cosmological parameters in those models in Sec. 2.2 and 2.3. Finally we will conclude in Sec. 3. In Appendix. A, the cosmological parameters in our models are discussed.
2 Inflation with higher derivative terms
Setup
To clarify the SUGRA system discussed below, we first show the corresponding action in superspace. It is described by
whereŜ andΦ are chiral multiplets, K and W are Kähler and super-potential respectively, C is a constant, D α andDα denote SUSY covariant derivatives, and α,α are spinor indices. Here and the following, we use the unit M P = 1 where M P = 2.4 × 10 18 GeV is * E-mail address: shun-soccer@akane.waseda.jp † E-mail address: yuusuke-yamada@asagi.waseda.jp the reduced Planck mass. We will denote the scalar component of each multiplet by the character without a hat below.
The last term in Eq. (1) is a SUSY derivative term. It leads ghost-free interactions with respect to the bosonic sector discussed in Ref. [4] . In the wellknown SUGRA models without SUSY derivative terms, a dynamical chiral multiplet should be contained in a Kähler potential K because superpotential terms does not give kinetic terms for chiral multiplets. However, in our case, the SUSY derivative term in Eq. (1) gives S and Φ not only higher derivative terms, but also standard kinetic terms in non-canonical forms as we will show.
Here, we choose the following K and W [6, 7] ,
where f (Φ) is a holomorphic function ofΦ. We emphasize that the Kähler potential (2) does not contain Φ, which we identify as the inflaton multiplet.Ŝ becomes the Goldstino multiplet during inflation. With a minimal Kähler potential K = |Ŝ| 2 , S often has its light or tachyonic mass during inflation, and therefore the quantum fluctuation of S may become a source of the curvature perturbation as discussed in Ref. [6, 8] . Recently, the authors of Ref. [10] showed the absence of such a situation in the case thatŜ is the Volkov and Akulov supermultiplet [9] , which satisfiesŜ 2 = 0.
1 Then, S is identically 0 because it is the bilinear of the fermionic component ofŜ [10] . In conformal SUGRA [11, 12] , the action corresponding to one in Eq. (1) can be expressed as follows,
where [· · · ] D,F denote the superconformal D-and Fdensity formulae [11] , S 0 is a chiral compensator, and D α denotes the superconformal spinor derivative corresponding to D α in Eq. (1) [12] . 2 In the following, we only discuss the bosonic action, and then we can put the usual superconformal gauge fixing conditions [11, 12] , e.g. S 0 =S 0 = e K/6 and obtain the SUGRA action in Einstein frame.
After eliminating the compensator S 0 and the auxiliary field A µ , which is one of the gauge fields of the superconformal symmetry, we obtain the following action,
where F 0,S,Φ are the auxiliary components ofŜ 0 ,Ŝ, and Φ respectively and we used the condition K = K S = W Φ = W = 0 because S ≡ 0. The solutions for the equations of motion of the auxiliary fields are simply given by
where we have used K SS = 1. By substituting the on-shell expressions of F-terms into the action, we obtain the effective Lagrangian as follows,
where V ≡ |W S | 2 = |f (Φ)| 2 ,X ≡ −16C∂ µ Φ∂ µΦ and A ≡ (1 +X). We can redefine the complex scalar Φ as follows,
Then the Lagrangian (9) can be rewritten as
where X ≡ ∂ µ ϕ∂ µφ = VX. Although the action contains the higher order terms of X, the cosmological parameters are same with ones in the models without higher derivative action as shown in Appendix. A. Therefore, on the slow-roll trajectory, we can approximate the Lagrangian as follows,
where we used the approximation A ∼ 1. The approximated action is one with the standard kinetic and the potential terms of ϕ, and we will use this action in the following discussion.
It is worth to remark the absence of the η problem in this model. In the standard SUGRA models, the F-term scalar potential is given by,
where D I W = W I + K I W , and K IJ is the inverse of K IJ . In the case that Kähler potential is given by K = |Φ| 2 + · · · , the scalar potential becomes steep due to the factor e K . In our case, however, the inflaton Φ is not contained in the Kähler potential, and therefore the η problem does not exist. 
Chaotic inflation
We consider the following function f (Φ),
where n ≥ 1, λ n is a coupling constant. Then the scalar ϕ can be written as
We identify √ 2|ϕ| as the inflaton denoted by φ, and we can write down the scalar potential V as follows,
. Note that this model resembles to the running kinetic inflation model [13] , however, the scalar potential is highly restricted in our case. Surprisingly enough, the effective potential is restricted from the linear potential to the quadratic one, even when the power of f (Φ) becomes higher. The predicted spectral tilt n s and tensor-to-scalar ratio r are given by,
where N denotes the number of e-foldings and we have omitted smaller corrections. With a sufficiently large n, the scalar potential (16) asymptotes to φ 2 , which is favored by the BICEP2 data [14] . This model can be tested by forthcoming experiments.
Starobinsky inflation
Next, we choose the following function f (Φ) [15] ,
where a and λ are real constant parameters. Then, the canonical normalized complex scalar ϕ is
Here, we identify √ 2Re ϕ = φ as the inflaton. Then, the effective potential is given by
whereã = (4 √ Cλ) −1 a and we only write down the leading terms. The resultant potential is same with one in the Starobinsky model [15] , and the predicted spectral tilt n s and tensor-to-scalar ratio r are as follows,
where N denotes the number of e-foldings. The predicted r is very small whenã ∼ O(1). For N ∼ 60, the values of (n s , r) are compatible with the Planck2013 result [16] , however, this model may be excluded if the result from BICEP2 [14] is confirmed by other experiments. We also note that the mass of Imϕ is much smaller than the Hubble scale during inflation although its minimum is located its origin. Then, the light direction can be a curvaton as in the case of the simplest chaotic inflation in SUGRA [6, 8] , if the decay of Imϕ occurs after that of the inflaton Reϕ. Further investigation of such a case would be interesting but it is beyond the scope of this letter.
Conclusion
We have proposed a new class of inflation models with a SUSY derivative term in SUGRA. We have found that the kinetic terms of chiral multiplets are included in SUSY derivative terms, even if the multiplets are absent in Kähler potential terms. By virtue of the absence of the inflaton in K, the η problem does not exist in our models. It is also remarkable that the action contains the higher order terms of X = −∂ µ φ∂ µ φ/2, however, their contributions are negligible and the effective action is given by the scalar system with the standard kinetic term and the scalar potential.
We have shown two inflation models in our setup. In Sec. 2.2, we discussed the chaotic inflation model. It is surprising that the effective potential is restricted from the linear to the quadratic potential regardless of the superpotential containing the arbitrary power of Φ. Therefore this model can be tested by forthcoming experiments.
On the other hand, we have also constructed the Starobinsky type inflation model in Sec. 2.3. In contrast to the chaotic type model, it predicts the very small value of the tensor-to-scalar ratio r which is compatible with the Planck2013 result. As discussed in Sec. 2.3, this model contains the light scalar Imϕ which may produce additional adiabatic perturbations. If it the case, the predicted cosmological parameters shown in Eq. (22) and (23) can be changed. That is an interesting possibility but it requires more detailed investigation of other sectors.
In this work, we have only discussed the dynamics of the scalar sector, however we need to take fermions into account to discuss the universe after inflation. That will be our future work.
A Cosmological parameters in our models
We show the cosmological parameters in our models here. In general, due to the existence of the higher order terms of X = −∂ µ φ∂ µ φ/2, the values of the spectral tilt and the tensor-to-scalar ratio are slightly different from the models without such higher order terms. However, the modification is negligible in the slow-roll inflation models as shown in the later.
Our models discussed in Sec. 2 are effectively single inflation models, and the action of the inflaton φ is given by
where X = −∂ µ φ∂ µ φ/2, V (φ) denotes the scalar potential, and A = 1 + V −1 X. The Einstein equations and the equation of motion of φ in the flat Friedmann-Lemaître-Robertson-Walker background g µν = diag(−1, a(t), a(t), a(t)) are given by
(P X + 2XP XX )φ+3HP Xφ + 2XP X − P φ = 0, (27) where the subscripts denote the derivative with respect to X, φ, the dot denotes the time derivative, and H =ȧ a is the Hubble parameter. The scalar spectral tilt n s and the tensor-to scalar ratio r are described by the slow-roll parameter ǫ, η and the variation of the speed of sound s defined by
η ≡ǫ Hǫ ,
s ≡ċ
where c 2 s ≡ P X /(P X + 2XP XX ) which is the speed of sound of the scalar perturbation. By using them, we can express (n s , r) as follows (see e.g. [18] ),
In slow-roll inflation cases, those parameters can be effectively written with the slow-parameter of the scalar potential ǫ V and η V defined by
We assume |ǫ V |, |η V | ≪ 1, and then the set of parameters (ǫ, η, s) in our models are
where we omit the higher corrections O(ǫ 3 V , η 3 V , · · · ). Therefore, the cosmological parameters (n s , r) are given by
r ∼ 16ǫ V + 32ǫ
Those are same with ones in the standard slow-roll inflation models.
